In many regions of the world, drought is projected to increase under climate change, with potential negative consequences for forests and their ecosystem services (ES). Forest thinning has been proposed as a method for at least temporarily mitigating drought impacts, but its general applicability and longer-term impacts are unclear. We use a processbased forest model to upscale experimental data for evaluating the impacts of forest thinning in a drought-susceptible valley in the interior of the European Alps, with the specific aim of assessing (1) when and where thinning may be most effective and (2) the longer-term implications for forest dynamics.
INTRODUCTION
As a result of climate change, the frequency, intensity, and duration of drought events are projected to increase in many regions (Schar et al. 2004 , Christensen et al. 2007 , CH2011 2011 , Rossler et al. 2012 , Seneviratne et al. 2012 , with potential negative implications for forests and forest-derived ecosystem services (ES; Allen et al. 2010 , Hlasny et al. 2011 , McDowell et al. 2011 , Choat et al. 2012 , Vicente-Serrano et al. 2013 . Already over the past 30 years, the impacts of increased drought on forest ecosystems has been observed in regions such as the southwestern United States (Williams et al. 2010 , Dietze and Moorcroft 2011 , Michaelian et al. 2011 , Anderegg et al. 2013a , Williams et al. 2013 , south and central Europe (Bigler et al. 2006 , Galiano et al. 2010 , Vacchiano et al. 2012 , Siberia (Kharuk et al. 2013) , northeast Asia (Xu et al. 2012) , and Australia (Matusick et al. 2013) . Even in regions that are currently not water stressed, such as highelevation forests in the European Alps, projected changes in temperature and the timing and amount of precipitation have the potential to modify forest community composition (Booth et al. 2012 , Kumagai and Porporato 2012 , Levesque et al. 2013 . Drought can directly impact tree recruitment (Shuman et al. 2009 , Benavides et al. 2013 , Galiano et al. 2013 , growth (Eilmann et al. 2011 , Eilmann and Rigling 2012 , Levesque et al. 2013 , and mortality (Bigler et al. 2006 , Vacchiano et al. 2012 , Vicente-Serrano et al. 2013 , and these processes are the key drivers of changes in forest structure and composition (Galiano et al. 2010 , Babst et al. 2013 ). In addition, drought influences forests indirectly by altering the occurrence Manuscript and severity of climate sensitive disturbances such as insects and pathogens (Jactel et al. 2012 ), or fire (Seidl et al. 2011b ). Thus, forest dynamics can be altered by both the direct and indirect impacts of drought, with forest structure and the provisioning of forest ES being impacted at multiple spatial and temporal scales .
In response to the projected increase in drought, and the potential negative impacts on forest ecosystems, forest managers may need to evaluate adaptive management practices to be used for mitigating drought impacts (Lindner 2000 , Bolte et al. 2009 , Parks and Bernier 2010 , Seidl et al. 2011a ). Over longer time frames, management such as planting more droughttolerant species or modifying management practices to facilitate the transition to more drought-adapted forests (Seidl et al. 2008 , Temperli et al. 2012 , Pretzsch et al. 2013 ) may be used to maintain forest ecosystem states and forest ecosystem dynamics within societally tolerable boundaries. However, converting from one forest composition to another will often take a long time and may still involve a period during which non-droughtadapted trees are predicted to exhibit dieback, with potentially negative consequences on forest ES (Courbaud et al. 2010 , Anderegg et al. 2013b ). An alternative adaptive management approach is to use techniques that will minimize the drought that forests experience at a local level while facilitating the transition from droughtsensitive forests to more drought-adapted forests.
Thinning of drought-susceptible forest stands has been suggested as a means of reducing drought impacts in the short term. Thinning decreases stem density and increases soil water availability for trees due to decreased stand transpiration and reduced canopy interception (Aussenac 2000) . A number of studies have demonstrated that the drought stress experienced by individual trees is larger in dense stands (Weber et al. 2007 , Zou et al. 2008 ). In addition, experimental forest thinnings conducted across a range of forest types have consistently demonstrated a reduction in evapotranspiration and an increase in soil moisture (Stogsdill et al. 1992 , Bre´da et al. 1995 , Lesch and Scott 1997 , McJannet and Vertessy 2001 , McDowell et al. 2006 , Jimenez et al. 2008 , Lagergren et al. 2008 , Moreno and Cubera 2008 , Di Matteo et al. 2010 ), a decrease in tree mortality (Giuggiola et al. 2013 ), a facilitation of recruitment (Deal and Farr 1994 , He and Barclay 2000 , Otto et al. 2012 , Olson et al. 2014 , and higher growth of the remaining trees (Montero et al. 2001 , Rı´o et al. 2008 . While forest thinning has been demonstrated to reduce drought stress in many systems, important questions remain regarding where and when thinning may be a suitable management response in droughtvulnerable forests, and what the long-term impacts of thinning may be on forest state and composition, particularly under novel climate conditions. We use a process-based forest model to evaluate the potential to use thinning to mitigate negative climate change impacts in a dry inner-alpine forest under a range of future climate change scenarios. Forest models have a long tradition of being used to support forest management and more recently are being applied to evaluate how management and climate change may interact to influence long-term forest dynamics (Fontes et al. 2010 , Temperli et al. 2012 . We first modify a forest landscape model such that the relationship between stand density, stand evapotranspiration, and soil moisture available per tree is captured, based on experimental data from a thinning trial in Switzerland. We then evaluate model behavior using empirical data on the impact of forest thinning on the growth and mortality of Scots pine (Pinus sylvestris) stands growing in droughtsensitive low-elevation areas of our case study site. Lastly, using this modified model we project the combined impact of climate change and forest thinning on forest dynamics across a landscape that includes a broad elevation range, specifically focusing on the impacts of thinning on mortality and forest composition. In mountain forests, the impact of drought, and forest thinning, will be highly site specific within a landscape given the strong temperature and precipitation gradients along elevation gradients. Thus we focus on evaluating when and where thinning may be useful for mitigating drought impacts, and what the short-and long-term implications for forest dynamics at different elevations within a landscape are.
METHODS

Case study region
We examined drought mitigation measures in the Saas Valley in Valais, Switzerland (46811 0 N and 7893 0 E; elevation range 600-2290 m above sea level [a.s.l.]), a dry inner-alpine valley (mean annual temperature 8.68C and precipitation 600 mm at 640 m a.s.l.). Drought is currently prevalent at lower elevations (600-1000 m a.s.l.) and forests there are dominated by droughttolerant pubescent oak (Quercus pubescens) and Scots pine (Pinus sylvestris) (Dobbertin et al. 2005 , Bigler et al. 2006 , Bolli et al. 2007 ). Between 1000-1200 m a.s.l., Scots pine and pedunculate oak (Quercus robur) are abundant, with more drought-intolerant deciduous species such as maple (Acer sp.) and European ash (Fraxinus excelsior) also present. Forests at higher elevations (1200-1800 m a.s.l.) are currently dominated by drought-intolerant Norway spruce (Picea abies), with a zone of Swiss stone pine-European larch (Pinus cembra-Larix decidua) forests towards the upper treeline (up to ;2300 m a.s.l.). Climate projections suggest that the Saas valley region will experience increased summer temperatures and reduced precipitation, particularly during the summer months (Rebetez and Dobbertin 2004) . Summer drought has already been demonstrated to be a driving factor for the death of Scots pine in the Valais (Bigler et al. 2006) .
We simulated forests in the Valais at two scales. First, we simulated empirical plots in an experimental forest located in the main valley at an elevation of 620 m a.s.l. (46818 0 N and 7836 0 E). Each simulation plot was 100 ha in size and was situated on the flat valley bottom. Second, we simulated an elevation transect in the Saas valley that ranged from 600 to 2400 m a.s.l. Because drought impacts predominantly occur at lower elevations between 600 and 1000 m a.s.l., we situated elevation bands at 50-m increments, while between 1000 and 2400 m a.s.l., increments of 200 m were used. Elevation bands were subdivided into four treatment plots that were each 6.25 ha in size.
Empirical forest thinning experiments
Forest thinning trials that included ''low,'' ''medium,'' and ''heavy'' thinning treatments, as well as controls, had been set up in the experimental forest beginning in 1965. Treatment plots were 30 by 30 m, with three replicates of each treatment. Control plots, which were established in 1974, had an initial basal area of 48.2 m 2 / ha. The low, medium, and heavy thinning treatments resulted in forest basal area being reduced to 33.2, 22.3, and 11.5 m 2 /ha, respectively. All treatments plots were re-thinned in 1971 and 1978. Stand-level measurements of basal area and mortality rate were made in 1991 and 2009. The impact of thinning on individual tree growth was measured by felling 10 trees per plot in 2010 and measuring their yearly radial stem growth. For a more detailed description of the thinning treatments and forest measurement see Giuggiola et al. (2013) .
In 2010, plots were thinned again to achieve approximately the same basal area as reported after the initial thinning in 1965. At the beginning of the new thinning (2010), soil moisture was measured to evaluate the impact of thinning on soil moisture. For this, soil moisture was measured in one plot of each treatment by installing five decagon sensors (EC-TM) at 30 cm depth in a pentagon arrangement surrounding the logger (Em50R, Decagon Devices, Pullmann, Washington, USA) installed at the plot center. Soil moisture measurements were recorded hourly from April 2010 until February 2011.
Forest landscape model
We examined the impact of climate change and forest management on forest dynamics using the forest simulation model LandClim (Schumacher et al. 2004 , a spatially explicit, process-based model that incorporates competition-driven stand dynamics and landscape-level disturbances to simulate forest dynamics on a landscape scale. LandClim was designed to examine the impact of climate change and forest management on forest development and structure . The model has been tested in the Central Alps, North American Rocky Mountains, and Mediterranean forests, and has been used to simulate current as well as paleoecological (Colombaroli et al. 2010 , Henne et al. 2011 ) and future forest dynamics . In particular, LandClim has been previously used to simulate both current and future forest dynamics in the case study region used here .
Here we provide a brief overview of the stand-scale formulations of the model; for further details see Schumacher et al. (2004) . LandClim simulates forest growth in 25 by 25 m cells using simplified versions of tree recruitment, growth, and competition processes derived from those that are commonly used in gap models (Bugmann 2001) . Forest growth is determined by climate variables, soil properties and topography, land use, and large-scale disturbances. In particular, precipitation, temperature, and soil moisture-holding capacity are used to calculate a drought index (Bugmann and Cramer 1998), which, in combination with growing degree-days and available light, influences tree recruitment, growth, and mortality. Forest dynamics within each cell are simulated by following tree age cohorts, where cohorts are characterized by the mean biomass of an individual tree and the number of trees in the cohort. Species-specific growth rates, growth forms, and tolerances to environmental conditions such as light and moisture availability, determine the relative competitive ability of each cohort of each species within a cell. As such, community composition and forest dynamics are an emergent property of the model. Individual cells are linked by the spatially explicit processes of seed dispersal and landscape disturbances. Succession processes, including tree growth and intrinsic mortality within each cell, are simulated on a yearly time step, while landscape-level processes, tree establishment, and forest management are simulated on a decadal time step.
Vegetation-dependent drought index
Available moisture for tree growth in LandClim is based on the drought index calculation of Bugmann and Cramer (1998) , where evapotranspiration from the soil (gE month ) is represented as the lesser of the monthly evaporative demand from the soil (gD) or the monthly supply of water from the soil (gS). As originally formulated, the supply of water is independent of the amount of vegetation present and is given by the equation
where c w is the maximum rate of evapotranspiration from saturated soils under conditions of high demand (Prentice et al. 1993) , soil Moisture max is the moisture holding capacity of the soil, and soilMoisture month is the current soil moisture value. Bugmann and Cramer's (1998) soil moisture model was designed to represent the soil water balance within a forest plot. In the context of a forest growth model the soil moisture calculation therefore provides the dual functions of tracking the water budget of a plot, and serving as a proxy for the amount of water available to individual trees. We separated these two components to create a plot level drought index, which allows for plot level evapotranspiration to increase with increasing forest demand for water, and an individual tree drought index, which allows transpiration per tree to decrease with increasing competition. The amount of total transpiration from all trees on a plot and the amount of potential competition for soil moisture are assumed to be related to total leaf area index (LAI) within a plot (25 by 25 m). Empirical studies have found LAI to be a good predictor of both annual and monthly transpiration (Bre´da et al. 1995 , Granier and Bre´da 1996 , Sarkkola et al. 2010 .
The impact of stand thinning, and corresponding reductions in LAI, on individual tree transpiration has been examined across a range of tree species in different forest types (Black et al. 1980 , Morikawa et al. 1986 , McJannet and Vertessy 2001 , Asbjornsen et al. 2007 , Jimenez et al. 2008 , Lagergren et al. 2008 , Zou et al. 2008 , Gea-Izquierdo et al. 2009 , Abella 2010 , with all studies reporting an initial increase in individual tree transpiration in thinned stands. In Quercus ilex stands, Moreno and Cubera (2008) found that daily tree transpiration, as estimated from sap flow density, decreased as fractional canopy cover increased. In Moreno and Cubera's (2008) experiments individual tree transpiration was maximal when stand canopy cover was low, and decreased to one-quarter (during spring) or one-half (during summer) of the maximum value when canopy cover approached 100%.
To incorporate a representation of tree competition for soil moisture, we modified the individual drought index calculation by making the parameter c w in Eq. 1 a function of total plot LAI, thus rendering the supply of water conditional on forest cover. The function was defined such that water availability per tree reached its maximum in the absence of competition (LAI ¼ 0), with the amount of water per tree being reduced to onequarter of the maximum when competition is high (maximum realized LAI ¼ 8, Fig. 1 ). Based on the empirical soil moisture data from Giuggiola et al. (2013) and the transpiration results of Moreno and Cubera (2008) , we related water availability per individual (c wLAI ) to LAI using the following equation:
where c w max ¼ 12, the constant maximum rate of evapotranspiration used in Bugmann and Cramer's drought index calculation, and c w min ¼ 9, corresponding to the relative reduction in tree transpiration measured by Moreno and Cubera (2008) as a component of total vegetation transpiration (Whitley et al. 2013 , Zeppel 2013 . While the relationship between thinning and individual transpiration is well established, the relationship between stand density and stand level evapotranspiration is less clear. Direct measurements of stand evapotranspiration are difficult and few studies that have done so, normally focusing on eddy covariance measurements within small plots (Granier et al. 2000 , Sun et al. 2008 , Aranda et al. 2012 , Whitley et al. 2013 . Rather, most stand-level estimates of transpiration are based on up-scaling from individual tree transpiration measurements (Herbst et al. 2008 , Kume et al. 2010 , Dalsgaard et al. 2011 ). However, high uncertainty accompanies up-scaling in uneven-aged mixed species stands (Ford et al. 2007 ) due to species and life-stagespecific differences in transpiration (O'Grady et al. 2009 , Macfarlane et al. 2010 ) and micro-site climate differences that impact vapor pressure deficit (Jung et al. 2011 , Whitley et al. 2013 . Based on the available data, regarding the impact of thinning on stand transpiration, no conclusive patterns emerge. Reduced transpiration has been reported in thinned sessile oak stands (Bre´da et al. 1995) , stands of mixed Scots pine and Norway spruce (Lagergren et al. 2008) , and Chamaecyparis obtusa stands (Morikawa et al. 1986 ). Conversely, thinning was found to have little or no impact on stand transpiration in Douglas-fir (Black et al. 1980) , loblolly pine (Stogsdill et al. 1992) , and boreal Scots pine (Vesala et al. 2005) .
To account for this uncertainty we conducted simulations with two different relationships between plot level evapotranspiration and LAI. In the first formulation, the maximum rate of plot evapotranspiration was assumed to be constant and independent of plot LAI (i.e., c w ¼ 12 as in Bugmann and Crammer's [1998] original formulation). In the second formulation, plotlevel evapotranspiration was assumed to increase linearly with LAI from a minimum c w of 9 to a maximum of 12 ( Fig. 1) .
By incorporating competition for water we increased the value of the individual tree drought index, particularly at dry sites. In order to account for this, we increased the drought-tolerance parameter for each tree species by 0.05 to reflect the increase in the realized drought index values. We corroborated the new LAIdependent drought indices (Eq. 2) at 10 central European sites that represent a gradient of temperature and drought conditions (Appendix: Fig. A1 ), and which have previously been used for testing various forest models (Bugmann and Solomon 2000 , Didion et al. 2009 , Rasche et al. 2012 . At each site, we varied LAI between 0 and 8. At the wettest sites (Davos, Grand Dixence, Huttwil, Bern) the calculated drought index was not impacted (Fig. A1 ), while at dry sites (Sion, Cottbus, Schwerin), tree competition was found to reduce water availability even at low values of LAI.
Climate scenarios
Regionally downscaled climate scenarios for Switzerland (CH2011) from the Swiss Federal Institute of Technology (ETH) Center for Climate Systems Modeling (C2SM) were used. These projections range from moderate (RCP3PD; Meinshausen et al. 2011 ) to more severe scenarios (A1B, A2; Nakicenovic et al. 2000) . Global climate projections corresponding to these scenarios were downscaled using high-resolution regional climate models (RCM) for Switzerland (van der Linden and Mitchell 2009 , CH2011 2011 , Fischer et al. 2011 . Projected climate deviation values (absolute change in temperature, percent change in precipitation) were provided as ensemble values from these regional models for three reference periods (2020-2049, 2045-2074, 2070-2099) . We used linear interpolation between the central year of the three climate periods (2035, 2060, 2085) blocked by month, to calculate month-specific delta values for the period 1994 to 2100.
Using these data, we created continuous monthly and daily weather data sets for the period 1994-2100, by randomly drawing weather data in year blocks from the reference period and adding the monthspecific delta values. Reference period weather data were obtained from the MeteoSchweiz weather station at Visp in the Saas Valley. Weather data from 2100 to 2300 were simulated by assuming that delta values would remain constant at the 2100 level. Elevation-dependent temperature and precipitation lapse rates, calculated from climate data from weather stations at low and high elevations in the case study area, were used to calculate plot-specific climate data. Last, to account for the stochastic component of the weather data, we created 10 independent weather series for each climate scenario.
Simulation experiments
Our first set of simulations were conducted to evaluate the ability of the forest model to capture forest development and the impact of forest thinning trials on soil moisture, tree growth, and mortality that was observed in the experimental forest. Soil moisture conditions were initialized by simulating vegetation development from 1621 to 1920 using available climate conditions from 1900 to 2010. After this spin-up, we simulated the 1920-2010 period using weather data from the MeteoSchweiz weather station at Visp in the Saas Valley, and from 2010-2050 using climate data randomly drawn from the historical 1920-2010 period. A clear cut was performed in 1920 followed by regeneration of Scots pine. This resulted in simulated forests in 1970 that had average basal areas of 42 m 2 /ha and were dominantly composed of 50-yr-old Scots pine with an average DBH of 15.7 cm. In comparison, the empirical experimental forest in 1965, the year of the first thinning treatment, had a basal area of 39 m 2 /ha and was dominated by 45-yr-old Scots pine that ranged in size between 13 and 20 cm DBH. Ten independent replicate simulations were performed.
Due to the decadal time step of the simulated forest management, we were not able to exactly replicate the empirical thinnings that were done in 1965, 1971, and 1978 . We approximated these management actions by simulating thinning in 1970 and 1980 such that, following the 1980 thinning, the average basal area of the simulated low, medium, and heavy thinning treatments were 39.7, 26.0, and 15.6 m 2 /ha, respectively, which is broadly consistent with the empirical data (cf. further above). After the 1980 thinning, no additional forest management was simulated.
In a second set of simulations, we evaluated the potential use of forest thinning as means for mitigating the future increase in drought and the associated impacts on forests. These simulations were run along an elevation transect in the Saas valley and were initialized by simulating vegetation development from bare ground for an initial 300-yr spin-up period followed by a second 200-year spin-up period during which current forest management practices were simulated. In the Saas valley, the majority of forested areas provide protection against gravitational hazards such as rockfall. The structure and protective value of the forests is primarily maintained through the use of forest thinning, which is designed to promote regeneration. In our simulations, this management was approximated by assuming that, every decade, one-half of the stands that have reached a mature state would be managed. Within these stands, 80% of the trees that have reached a target DBH of 80 cm were removed. Following this spin-up period, which used climate data randomly drawn from the historical 1900-2010 period, we simulated 1900-2010 using the observed climate data and 2010-2300 using the three future climate scenarios. Current forest management practices were maintained in all simulations.
Previous studies ) and preliminary simulations of the 2010 to 2100 period suggest that climate change will result in large changes in forest community composition around the middle of the century. Thus we tested the impact of forest thinning treatments that were implemented either in 2020 or 2050. Each elevation band along the transect was divided into four equal-size compartments (6.25 ha) where one of the four thinning treatments was simulated (control, low, medium and heavy thinning). The intensity of the thinning operations was the same as applied to the empirical thinning in the experimental forest. Preceding and following the thinning treatments status-quo forest management was maintained.
RESULTS
Comparison of constant vs. LAI-dependent maximum plot transpiration rate
Simulations that included LAI-dependent maximum plot transpiration did not qualitatively differ from those that assumed constant maximum transpiration (Fig. 2 vs. Appendix: Fig. A2 ). However, LAI-dependent plot transpiration increased the impact of thinning on soil moisture retention ( Fig. 2d vs. Fig. A2d ), resulting in a larger increase in basal area increment between trees in heavily thinned vs. control plots (Fig. 2h vs. Fig. A2h) , and a faster return to control plot levels of the basal area and annual mortality rates of thinned plots (Fig. 2b vs.  Fig. A2b, Fig. 2f vs. Fig. A2f ). Because simulations using LAI-dependent plot transpiration more closely approximated the empirical thinning data, and the rate at which the forest recovered after the thinning, we focus on these results below. Results from simulations using constant maximum plot transpiration are included in the Appendix (Figs. A11-A14 ).
Validation against empirical thinning experiments
Basal area of the low and medium thinning treatments converged on the control plot basal area by 2010, while the basal area in the heavy thinning treatment was smaller, and still increasing, in 2010 ( Fig. 2a ). Corresponding with these empirical data, the simulated increase in basal area after the thinning treatments led to a recovery to simulated control values in the low-and medium-thinning treatments by the year 2000 and 2010, respectively (Fig. 2b) . The simulation results suggest that the heavily thinned stands will converge to the level of the simulated control plots by 2020. The simulated rate and timing of recovery of stand basal area after thinning therefore corresponded to the empirical data.
Empirical thinning resulted in a 0.7%, 3.1%, and 4.9% increase in soil water content following low, medium, and heavy thinning, respectively (Fig. 2c) . Correspondingly, in the simulations, the soil moisture index was 1.2%, 2.2%, and 3.0% higher in the decade after thinning (Fig. 2d ). While simulated soil moisture responded to the thinning treatments, the inter-decadal variation of soil moisture was rather large (Fig. 2d) .
Between 1979 and 1990, the annual mortality rate of Scots pine in the empirical plots was reduced by 1.73% and 2.22% by the low and medium thinning, respectively (a decrease of 59% and 76%, respectively, from the 2.94% mortality in the control plots), while heavy thinning resulted in mortality being reduced by 2.71% (a decrease of 92% from the mortality in the control plots; Fig. 2e ). In the simulation experiments, the corresponding annual mortality rates in the decade after thinning were reduced by 0.9%, 1.9%, and 2% (Fig. 2f ), in accord with the empirical data. Simulated mortality rates returned to control levels by 1990 in the low thinning, by 2010 in the medium thinning, and were projected to not meet the control values in the heavy thinning trial until 2030.
The empirical heavy-and medium-thinning treatments resulted in a large increase in basal area growth following the initial thinning in 1965 (Fig. 2g ). Empirical growth in the thinning treatments remained higher than in the control treatments until around 2005. In the simulation experiments, both heavy and medium thinning resulted in a large, though not as sudden, increase in annual basal area growth (Fig. 2h ). Under all simulated treatments, growth above the control level was maintained until 2010. In contrast to the comparatively minor increase in empirical growth in the low thinning treatment, the simulation growth rate was markedly increased by low thinning intensity.
Relative impact of thinning on light and moisture competition at low elevation (620 m a.s.l.)
Thinning treatments reduced competition for both water and light. In the model, the availability of both water and light for each tree decreased with increasing LAI, albeit with different slopes of the relationship (Fig.  3) . The relative importance of reduced competition for water or light was projected to differ considerably between years due to annual differences in precipitation and the associated changes in realized importance of drought. During simulated wet years, such as 1990, competition for water was projected to be less important than competition for light in the control and lightthinning treatments (Fig. 3) . In contrast, during dry years, the importance of competition for water was projected to exceed competition for light in all treatments except for the control plots with high LAI values.
Projected impact of climate change along an elevation gradient in the Saas Valley
For illustrative purposes, we focus on four elevation bands along the elevation gradient ( Fig. 4 ) that represent areas that are currently dominated by different forest types and are expected to exhibit different sensitivities to climate change (cf. Elkin et al. 2013) . At low elevations (;700 m a.s.l.) intermediate and severe climate change (scenarios A1B, A2) is projected to result in a reduction in forest biomass as the drought tolerance of Scots pine and drought-hardy oak is exceeded ( Fig.  4a for A2 scenario; Appendix for other scenarios). forests that have a considerable deciduous component (Fig. 4h ). At these elevations the mortality rate of Norway spruce is projected to markedly increase during the latter part of the 21st century and to remain high. At highest elevations (;2000 m a.s.l.), deciduous species are projected to become more prevalent under the moderate and more severe climate scenarios, with a corresponding slight increase in the mortality rate of Norway spruce and a reduction in spruce biomass (Fig. 4m ). While the three tested climate scenarios all result in similar projections of change, the timing of threshold responses by the forests, and the magnitude of the projected impacts, correspond with the severity of the climate projections (see Appendix for complete results).
Mortality of Scots pine is projected to increase
Projected impact of thinning treatments along the elevation gradient
The projected impact of thinning on forest dynamics can be divided into the impacts on tree mortality and growth that are mediated through changes in the availability of water and light, and the impacts on forest dynamics that reflect the demographic changes imposed by thinning. Lower competition for resources and associated reductions in mortality are projected to occur during the first 10-20 years after thinning, as indicated by the period of reduced mortality following thinning (Fig. 4) , and represent a relatively short-term response. In contrast, thinning-induced changes in forest demography are projected to continue to influence forest structure and development much longer (e.g., 150 years, cf. Fig. 4, Figs. A3-A14) .
The impact of thinning is projected to vary considerably with elevation due to three interrelated factors: the current composition of the forest, differences in the dominant growth-limiting factors, and differences in how close the forests are to climate thresholds. At low elevations (700 m a.s.l.) and under all climate change scenarios, thinning is projected to reduce the mortality rate of Scots pine for approximately one decade before the rate returns to control plot levels (Fig. 4b, c, d) . The comparatively severe drought conditions at low elevations mean that drought conditions frequently exceed what most species can tolerate, and the benefits of reduced competition for water do not alter the availability of soil moisture for a long time. As a result, thinning may be used in the short term to reduce Scots pine mortality, but it is projected to have little impact on forest composition (Fig. 4b, c, d) . At a slightly higher elevations (1000 m a.s.l.; Fig. 4f, g, h) thinning is projected to have a lower impact on Scots pine mortality as this species is not as water stressed at this altitude, and Scots pine is projected to do better under climate change, at the expense of drought-intolerant deciduous species.
At still higher elevations (1600 m a.s.l.) thinning is projected to reduce Norway spruce mortality (Fig.  4j, k, l) , partially counteracting the large increase in spruce mortality rates that climate change is projected to induce between 2050 and 2100. In contrast to the relatively short-term impact of thinning at low elevations, thinning at 1600 m a.s.l. is projected to noticeably reduce spruce mortality for up to 50 years. However, following this reduced mortality period the simulations suggest that spruce mortality may be higher in medium and heavily thinned plots around 2100, owing to the cumulative changes in temperature and precipitation FIG. 3 . Projected impact of low, medium, and heavy thinning and control treatments on simulated maximum Scots pine growth rate as it is limited by soil moisture and light availability (i.e., larger values represent larger reductions in potential growth). Thinning impacts on the light environment are reasonably static between years, while yearly variations in precipitation result in large yearly changes in moisture availability. The vertical axis of Fig. 3 shows the growth reduction factor (range between 0 and 1). (Fig. 4k, l) . At these elevations thinning is also projected to facilitate the recruitment of species that are better adapted to the warmer and drier conditions that are expected for these altitudes (Fig. 4j, k. l) . The impact that thinning has on promoting the conversion to different tree species is projected to be largest under heavy thinning (Fig. 4l) . At high elevations (2000 m a.s.l.) thinning is also projected to reduce spruce mortality, but to have a much lower impact on forest composition (Fig. 4n, o, p) . FIG. 4 . Projected impact of low, medium, and heavy thinning treatments performed in 2050, on tree species biomass and tree mortality rate at four elevation bands under the A2 climate scenario. Projected forest development with no thinning (i.e., control) but a continuation of status quo forest management is depicted in the first column (a, e, i, m) . At the two lower elevations (600 and 1000 m above sea level [a.s.l.]) the mortality rate of Scots pine is shown, while at the higher elevations (1600 and 2000 m a.s.l.) the mortality rate of Norway spruce is shown. The projected impact of thinning treatments on species biomass and mortality rate (i.e., second, third, and fourth columns) are depicted as the thinning induced change in species biomass compared to the projected biomass and mortality rate in the same decade under the control treatment. Differences in species biomass are reported in Mg/ha while mortality represents changes in the annual rate.
At some elevations the long-term impact of thinning on forest dynamics is projected to depend strongly on the timing of thinning. For example, under the A2 climate scenario at an elevation of 1600 m a.s.l., heavy thinning performed in 2020 is projected to facilitate a strong increase in larch after 2100. However, if the thinning is performed in 2050, the more advanced state of climate change is projected to favor an increase in Scots pine and oak rather than larch (cf. Fig. 4l with Fig. A8l) .
The rate at which the biomass of thinned plots recovers is projected to differ considerably between elevation bands. For example, spruce stands at 1600 m a.s.l. are projected to recover within several decades of the thinning treatment (Fig. 4j, k, l) while, at 1000 m a.s.l., thinning of Scots pine is projected to result in a protracted (50-100-year) reduction in forest biomass (Fig. 4f, g, h) .
DISCUSSION
The aim of adaptive management under increased drought can range from maintaining forests in their current state, to facilitating a transition to more drought-adapted species (Lindner 2000 , Bolte et al. 2009 , Parks and Bernier 2010 , Seidl et al. 2011a ). Our results suggest that forest thinning conducted with the purpose of reducing drought impacts can contribute to both of these objectives. In the short term (up to 20 years), forest thinning may be an effective management option for reducing mortality and increasing the growth of drought-stressed trees (Giuggiola et al. 2013 , Sohn et al. 2013 , while in the longer term (50-100 years), thinning can be used to facilitate a conversion to more drought-tolerant tree species. Here we discuss the factors that influence the efficacy of thinning and then consider the constraints and potential auxiliary benefits that will influence whether thinning is a suitable management option in response to drought.
Thinning effects are site specific
Our simulations project that, in our case study, climate change will impact forests throughout the region, but with the magnitude and timing of the impacts being highly elevation specific. Currently, drought is a dominant factor affecting forest at elevations ,1000 m a.s.l. (Dobbertin et al. 2005 , Bigler et al. 2006 . By the latter part of the century, drought is projected to become an important factor influencing forest dynamics at intermediate and higher elevations as well, even under moderate climate change scenarios.
At all elevations, our results suggest that thinning can be effective at reducing tree mortality. Low and intermediate thinning is projected to decrease both Scots pine and Norway spruce mortality, whereas particularly at higher elevations only marginal reductions in mortality are projected under more intense thinning. These simulation results correspond with the empirical data of Giuggiola et al. (2013) who found that low and intermediate thinning was sufficient to consid-erably improve soil moisture availability. However, Giuggiola et al. (2013) also noted that forest regeneration was most impacted by intermediate and heavy thinning, likely mediated by improvements in light conditions rather than soil moisture, thereby suggesting that heavy thinning will have larger long-term impacts of forest development.
Our results suggest that a climate-related increase in drought at intermediate and higher elevations can induce strong changes in forest properties, as these sites currently are mesic. This corresponds with recent work suggesting that trees at mesic sites can be more sensitive to changes in precipitation compared to those at xeric sites (Levesque et al. 2013) . Our simulations further indicate that these regions, where drought-sensitive Norway spruce and larch are projected to decline in the future, are the areas where forest thinning to reduce drought stress may be most beneficial in the short term. However, in the longer term, thinning treatments are not projected to be able to prevent the dieback of spruce at intermediate elevations (;1600 m a.s.l.) even under moderate climate change.
Thinning is projected to be more effective at maintaining larch at lower elevations (;1000 m a.s.l.) under moderate climate change, but is also projected to be ineffective under intermediate or more severe climate scenarios. The projected inability of thinning to prevent the dieback of spruce and larch concurs with empirical studies that suggest both of these species to be currently near their physiological limits on dry sites at lower elevation in the Central Alps , Eilmann and Rigling 2012 , Schuster and Oberhuber 2013 .
The timing of thinning matters
Simulations indicate that the positive impact of a single thinning application on water and light availability will only last for a couple of decades, particularly at low-elevation sites. The timing of a thinning can therefore strongly impact the realized benefits. Under more severe climate change scenarios, dieback of Norway spruce and larch is projected to occur between 2050 and 2100. Thus, the benefits of thinning performed in 2020 are lower than those achieved if thinning is performed in 2050. Even at low elevations, where drought is currently negatively impacting Scots pine, thinning in 2050 is projected to have a larger impact due to the advanced state of climate change at that time.
The timing of thinning is also likely to have a large impact on the long-term effects on forest dynamics. This is best exemplified at intermediate elevations where heavy thinning performed in 2020 is projected to strongly favor the development of larch between 2070 and 2150, while the same thinning conducted in 2050 is projected to favor the development of more droughttolerant species as a result of the higher temperature and reduced water availability.
While our work focused on the impact of individual thinning applications, long-term silvicultural experi-ments analyzed by D' Amato et al. (2013) indicate that repeated thinning, implemented to maintain a forest stand at constant stem density, can maintain increased drought resistance over a longer time period. However, D' Amato et al. (2013) also found that while the repeated thinning of young stands can maintain drought resistance, the drought resistance of these same stands can be adversely affected as they become older. These longer-term impacts of repeated thinning likely reflect the impact that thinning has on tree size and architecture, and highlights that an evaluation of the long-term benefits of thinning needs to consider both the longer-term impacts on forest dynamics and tree physiology.
Importance of climate seasonality for forest responses
Between 1983 and 2009, at low-elevation sites in the Valais, a reduction in Scots pine and an increase in drought-tolerant pubescent oak has been observed ). This shift in species composition reflects drought-related mortality of Scots pine and strong recruitment of oak at warm dry sites. Corresponding with these results, in the model, pubescent oak is parameterized as being more drought tolerant than Scots pine. However, under intermediate and more severe climate change simulations the biomass of pubescent oak is projected to decrease strongly while the projected negative impact on Scots pine is comparatively smaller.
This seeming discrepancy between simulations and the documented increase in pubescent oak at dry sites in the Valais ) reflects (1) the season-specific variation in projected changes in precipitation in the climate scenarios and (2) the model assumption that drought in deciduous species is determined primarily by summer precipitation, while coniferous species can potentially use precipitation that occurs in other seasons provided that temperature is high enough (Bugmann and Cramer 1998, Bugmann and Solomon 2000) . Specifically, regional climate projections for the Valais suggest that while summer precipitation is projected to noticeably decrease, precipitation during the spring (i.e., March, April) and to a lesser extent the fall (i.e., October, November) is projected to increase (CH2011 2011). Therefore, the drought levels that Scots pine experiences in the model are lower than those impacting pubescent oak. While our projections of a decrease in pubescent oak should be viewed with considerable caution, these results highlight that changes in the timing of precipitation can be just as important as changes in seasonal amounts regarding the impacts on the relative competitive ability of different species (Eilmann et al. 2009 ).
Thinning as a reactive or preemptive strategy to maintain forests properties and ES Variation in monthly and yearly precipitation can be high, such that the drought experienced by forests is highly variable and difficult to predict (Ciais et al. 2005 , Rebetez et al. 2006 ). Due to the uncertainty associated with drought occurrence and the concomitant uncertainty related to the benefits of thinning, forest managers will need to decide whether thinning is best implemented as a reactive response to observed drought or as a preemptive strategy (cf. Temperli et al. 2012 ).
There are costs and risks associated with both approaches. With reactive management, the costs to monitor forest condition and to maintain the resources necessary to implement thinning if needed must be taken into account, and the risk that substantial negative drought impacts may occur prior to the benefits of thinning. In contrast, preemptive thinning carries the risk that thinning is performed at a site where substantial drought may not occur during the relevant period (von Detten 2011). However, if preemptive thinning is employed, the benefits to tree growth and vigor that are achieved through improved light conditions, which are comparatively static relative to yearly fluctuations in water availability, will still be realized. Therefore, whether a preemptive or reactive thinning strategy is used should depend on the degree of confidence that forest managers have about drought as a driving factor of forest dynamics in the short term, and an evaluation of the auxiliary benefits that thinning may provide, such as improved light conditions, higher habitat quality, and possibly also higher biodiversity (Neill and Puettmann 2013) , which will still be realized even if the benefits regarding drought mitigation are not fulfilled.
Another key challenge for forest managers will be trying to find an acceptable balance between thinning that is sufficiently intense to result in mortality reduction, but small enough to not have strong negative impacts on stand stability just after the intervention and current forest ES state, or to potentially alter long-term forest demography. In the Valais case study, one of the main ES that forests provide is protection against gravitational hazards such as rockfall and avalanches (Brang et al. 2006 , Bebi et al. 2009 ). As such, management that will mitigate the projected large dieback of spruce forests at intermediate elevations may be essential for maintaining these ES. However, the forest characteristic that predominantly determines the forests' ability to provide protection against gravitational hazards, and rockfall in particular, are basal area and tree numbers (Dorren et al. 2005 , Bigot et al. 2009 ). Therefore, while thinning may decrease the mortality risk of remaining trees it will also weaken the protective ability of forests (Schonenberger et al. 2005) , such that a short-term trade-off between drought mitigation and ES maintenance may result.
Ancillary benefits of thinning
The short time window during which a single thinning will have a positive effect (;20 years) suggests that thinning may be most suitable as a short-term response to negative climate impacts and may function as a stopgap response while longer-term adaptive measures are implemented. However, our simulations do not include any acclimation responses by the trees subjected to drought. Past studies have found that some trees exhibit phenotypic plasticity in their physiology and life history in response to drought (Magnani et al. 2002 , Brunner et al. 2009 , Niinemets 2010 , Creese et al. 2011 . For example, Mencuccini and Grace (Mencuccini and Grace 1995) and Mencuccini and Bonosi (Mencuccini and Bonosi 2001) found that Scots pine trees subjected to sustained drought decrease their leaf area to sapwood area ratio. Similarly, sustained drought has been shown to impact the root-to-shoot ratio of individual trees (Aroca 2012), to decrease the amount of fine roots (Brunner et al. 2009 ), and to promote the development of smaller canopies , shorter shoots and needles (Rigling et al. 2010 ). If these acclimation mechanisms are realized in Scots pine and Norway spruce, a thinning treatment that reduces tree mortality rates in the short term may potentially allow the trees sufficient time to alter their physiology and life history in response to increased drought, thereby providing longer term benefits.
In addition to directly decreasing mortality and increasing tree growth, forest thinning has the potential to temporary increase the risk of storm and snow damage, but also reduce the occurrence and/or severity of climate sensitive disturbances such as insects and fire. Climate change may directly increase the importance of forest pathogens and insects by decreasing winter mortality and increasing the number of generations produced per year (Logan and Bentz 1987, Wermelinger and Seifert 1999) , or indirectly by increasing stress and decreasing trees resistance to pathogen attacks (Evangelista et al. 2011 , McDowell et al. 2011 . Drought in particular increases the susceptibility of trees to pine mistletoe and bark beetles (Dobbertin et al. 2007 , Wermelinger et al. 2008 .
If mortality pressure from forest pathogens and insects is more prevalent in the future the positive benefits of thinning, as mediated through improved tree vigor and increased resistance to insect and pathogen attack (Dobbertin et al. 2007) , may be larger than our results suggest. Increased temperature and decreased moisture will also likely increase the risk of forest fires (Zumbrunnen et al. 2009, Pechony and Shindell 2010) . If this occurs, thinning can have the dual benefit of increasing vegetation moisture such that the risk of fire ignition and spread is reduced, and decreasing the amount of available fuel, which reduces fire intensity (Gonzalez et al. 2005 , Crecente-Campo et al. 2009 , Jactel et al. 2009 , Butler et al. 2013 ).
CONCLUSIONS
The relatively short period during which thinning will decrease drought stress in trees (up to 20 years) implies that using forest thinning as a preemptive management strategy to increase forest resistance to future climate change will only be appropriate in regions where there is a high probability of drought stress. In such regions, thinning can be used to temporarily maintain high-value forests and forest ES, thereby potentially providing time to implement more effective and rigorous climate adaptive strategies. However, in the longer term thinning will likely be unable to prevent climate change driven alteration to forest properties.
Moderate thinning that is performed before drought becomes severe will function better at maintaining forest in their current state, but will have less impact with regard on facilitating a transition to more droughttolerant species in the intermediate to longer term. Conversely, heavy thinning that is performed later has the potential to be less effective at increasing drought resistance of the current forest, but will be more effective at aiding the development of drought-tolerant species. However, heavy thinning can temporary reduce stand stability and therefore increase the short-term risk of severe damages. e.g., by storms and snow load. Therefore, forest managers need to consider the temporal trade-offs in forests ES provisioning that will likely be realized when evaluating the timing and intensity of forest thinning.
